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Abstract

Mate-choice copying is a type of social learning in which females can change their
mate preference after observing the choice of others. This behaviour can potentially affect
population evolution and ecology, namely through increased dispersal and reduced local
adaptation. Here, we simulated the effects of mate-choice copying in populations
expanding across an environmental gradient to understand whether it can accelerate or
retard the expansion process. Two mate-choice copying strategies were used: when
females target a single individual, and when females target similar individuals. We also
simulated cases where the male trait singled out by females with mate-choice maps
perfectly onto his genotype or is influenced by genotype-by-environment interactions.
These rules have different effects on the results. When a trait is determined by genotype
alone, populations where copier females target all similar males expand faster and the
number of potential copiers increased. However, when preference is determined by
genotype-by-environment interactions, populations where copier females target a single
male had higher dispersal and also expand faster, but the potential number of copiers
decreases. The results show that mate-choice copying can accelerate the expansion
process, although its adaptiveness depends on the information animals’ use in different

contexts.

Introduction

Choosing a mate is one of the most important decisions an individual will make
in his or her lifetime. If the choice is a maladaptive mate, there is a risk of having
maladaptive offspring that may be eliminated from the population. Individuals can choose
mates based on their innate preferences, or by learning from the choices of others [1]. The
latter behaviour, known as mate-choice copying [2], is a type of social learning that has

been found in numerous species across different taxa [3,4].

Many theoretical studies have attempted to understand how mate-choice copying
can affect the evolution of secondary sexual traits in males [5,6] and the evolution of
copying behaviour in females [7,8]. Because mate-choice copying can lead females to

make choices that differ from their innate preferences, it has the potential to alter the
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course of sexual selection in a population, which has attracted considerable interest from
evolutionary biologists [9-16]. However, a detailed analysis of the role of this behaviour

in large-scale ecological and evolutionary processes is still in its infancy.

Varela et al. [17] suggest that mate-choice copying should lead to convergence of
mate preferences and reduced genetic differences between heterogeneous patches, as
animals can share their preferences when dispersing. This was confirmed by Sapage et al.
[18], who also found that copying promotes the evolution of dispersal because by copying
local mate preferences individuals tend to produce offspring that are better adapted to the
new patch, thus reducing dispersal costs. However, a side effect is an overall reduction in
local adaptation due to the increased rates of gene flow between patches. These two
effects raise an interesting question not addressed by Sapage et al. [18]: what is the role
of mate-choice copying during range expansions? Does it accelerate or retard the

expansion process?

Because in expanding populations the first individuals to arrive at a new habitat
would likely be the ancestors of future generations, the expectation is that by promoting
dispersal mate-choice copying can also accelerate the expansion process into new
territories even if it is a neutral (or even slightly deleterious, e.g., [10]) behaviour, i.e., a
phenomenon akin to gene surfing [19]. On the other hand, it is well known that the range
of species is usually restricted due to negative growth rates of populations outside their
preferred range, either because of high fragmentation at the edge of the range, or because
of the inability of populations to adapt locally, thus producing maladapted individuals at
the egde of the range [20]. Sexual selection, by inducing niche shifts at the range edge,
can enhance the adaptation process, and facilitate population expansion [21]. However,
mate-choice copying, being a behaviour that reduces local adaptation [18], can counteract
the facilitating effect of sexual selection and ultimately reduce the rate of population

expansion.

To understand whether mate-choice copying can speed up or slow down the
ability of populations to expand into new territories, it is important to consider different

types of mate-choice copying and of female preference rules.

Mate choice copying can occur when individuals learn to prefer specific mates
(individual copying) or when they generalize the traits of model individuals to the entire

population (generalized copying or trait-copying) [22]. Generalization is thought to have
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stronger evolutionary consequences for evolution because copied preferences spread
more rapidly through in the population, whereas individual copying may affect only a few
individuals [4,23]. In other words, individual copying follows the “choose the exact same
male as demonstrator females” rule, leading females to mate with the same, “most popular”
male; whereas generalized copying follows the “choosing a similar enough male as
demonstrator females” rule, leading females to mate with different “similar enough”
males. This “similar enough” rule should be particularly important during dispersal as it
allows for individuals to assess mate quality in a new environment by learning from the

choice of conspecifics, rather than focusing on a single mate that might not be available.

Females may prefer different types of information about sexual traits [24], namely
information that is condition independent (e.g. orange area in male guppies, [25]), or
information based on genotype-by-environment interactions, which is condition
dependent (e.g., brightness of orange colour in male guppies, [25]). In the latter case,
condition is defined as the energy that an individual has available to allocate to the
expression of that trait [26], which, in turn, depends on the individual’s ability to find
food and metabolize it. Some males, arriving in a new patch of habitat after dispersal,
may not be able to find sufficient resources or in sufficient quantities to allocate to their
ornaments or to maintain a good general condition. Therefore, females using condition-
dependent traits to assess the phenotypic quality of a given male can obtain information

about his ability to survive in a given habitat [27].

In this study, we use individual-based simulations to analyse the effects of these
different types of mate-choice copying and preference rules on the rate of population
expansion into a new, empty habitat. Given that mate-choice copying promotes dispersal
and reduces local adaptation [17,18], we predict that, when preference is for condition-
independent traits, copying should help individuals reach the edge of the population’s
range, but then hinder their ability to invade a new patch, compared to a population
without copying. We further predict that this effect should be stronger with individual
copying, because to many females will choose the most popular males, who may be
maladapted to their new environment, further limiting the ability of the population to
adapt to new patches. Finally, we predict that the effect of copying on delaying range
expansion should be lower when female preference is condition dependent, because

females are able to directly assess the quality of their mates.
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Material and methods

The models were adapted from Sapage et al. [18], with some dispersal concepts
taken from Phillips [28]. We considered six polygynous population scenarios, crossing
the type of copying strategy with the type of preference rule. For mate-choice copying
types, females can show either (1) no copying, (2) individual copying, or (3) generalized
copying. For preference rules, females can choose males based on either (1) a trait directly
related to their genotype (condition independent on the environment), or (2) a
performance trait resulting from genotype-by-environment interactions (condition
dependent). We summarized all the relevant parameters and variables of the model in

Table S1 in the Electronic supplementary material.

The simulated world is represented by a matrix with y = 20 rows and x = 50
columns, continuous in the y but not in the x axis (i.e., a cylinder, where the y-axis wraps
around but the x-axis has edges). Dispersal can happen in any direction along the y-axis
(up and down) and the x-axis (forward and backward). Columns (x-axis) are subdivided
into three habitats: the original habitat as the 10 left-most columns with the starting
distribution of the population (X;), the environmental gradient defined by the next 30
columns (X;), and the endmost habitat located at the final 10 columns (X¢). Xg and X¢
have empty patches before the population starts expanding. The invasion front in X, and
X¢ is defined by the furthest occupied patch in the x-axis, with the invasion front
progressing along the cylinder. Each patch within each habitat has an environmental value
e;j (i=1,-,Y; j=1,-,X) sampled from a normal distribution with mean e, = 0.9 in
Xsand e, = 0.1 in X¢ and standard deviation 0.01. In the environmental gradient X, e,
decreases linearly from 0.9 to 0.1 (Figure S1). The y-axis has, therefore, a small random
noise component affecting the environment, and this random noise is different in each

simulation run.

We model an obligately sexual, haploid population with five independent loci,
some with sex-limited expression. S (for sex) determines whether individuals are female
(0) or male (1). T (for trait) takes real values between 0 and 1 and defines the viability of
the individual relative to the environmental value (see below). T has a pleiotropic effect

in males, and codes for an observable phenotype that influences female choice. P (for
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preference), expressed only by females, takes real values between 0 and 1 and codes for
the female preference relative to the male trait. C (for copy) is only expressed in females
of populations with copying and has two alleles that code for the ability of females to
mate-choice copy (C) or not (c). The copying behaviour did not involve direct costs in
the models. Finally, the D locus codes for the probability of individuals to disperse to
nearby patches and can take real values between 0 and 1. Note that T is the only locus
affecting fitness.

Initially, all patches in the initial habitat (the 10 left-most columns with 20 rows
each, X; = 20 x 10 = 200 patches) are at carrying capacity K =64 individuals, each
with an equal probability of being female or male. This value of K was used because we
wanted patches with a large carrying capacity, so that enough individuals could invade
the environmental gradient, but not too large to avoid computational limitations.
Generations are discrete and nonoverlapping, so copying occurs within each generation.
In other words, we assume that mate-choice copying occurs through horizontal cultural
transmission as documented in several species [29 and references therein]. The order of
events is mate choice, followed by offspring production, then viability selection, and
finally dispersal. The sequence of four events represents one generation. Note that in our
model we assume that juveniles are selected in their natal environment before dispersing
to another patch to mate and reproduce. We made this assumption because individuals
can only breed for one season before dying (see below), so focusing on sexual selection

in the new patch can help to highlight the potential effects of mate-choice copying.

All initial individuals carry allele c (i.e., females are non-copying), have allelic D
values set to 0.02, and are locally adapted, i.e., their allelic T values were sampled from
a normal distribution centred on the environmental value of their patch e, = 0.9 with
standard deviation 0.01. For condition-independent populations, P allelic values were
sampled from the same distribution as the T allele values, whereas for condition-
dependent populations, P allelic values remained equal to 0 because female preference
depends on how well a male is adapted to their local environment during mate-choice
(see below). These values correspond the assumption that, at the start of the simulation,
females have an optimal preference to the most adapted males in their original patch, even
when preference is for condition-independent traits, whereas when preference is for
condition-dependent traits females have an optimal preference for the most adapted males

overall. Loci T, D and P (when preference is towards condition-independent traits) have
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a mutation probability of 0.01. Once a mutation occurs, we add a normal random variable
of mean zero and standard deviation 0.02, keeping the allelic value in the interval [0,1].
The C locus has a 0.005 probability of switching from c to C and vice versa. Note that
under this assumption the mutational equilibrium value for the copying allele C would be
0.5.

The expansion starts after a warmup phase of 2,500 generations to reach a stable
state before expansion, allowing for T, P and D to evolve naturally. Provided there is at
least one female and one male in a patch, females can choose based on their own innate
preference (non-copier) or perform copying (copier). Females with the C allele can
become non-copiers if and only if there are no females with the c allele within the patch
to copy from. Non-copier females assign a preference value towards a condition-

independent trait by scoring the males using

Borer(f,m) = e~Ss(@rr=arm)”, (1)

where Sg is the strength of sexual selection (choosiness), apf is the allelic value for
preference, and ar,, is male’s trait value. In cases where females assign a preference
towards a condition-dependent trait, the score of the male is related to the difference

between the trait of the male and the environmental value, translating into

Brver(fym) = eSslerrlomeul)” @

This expression shows why we set the allelic value for preference to 0 under condition-
dependent preference. Whenever the score is below 1073° (a rare event), females ignore

the male.

Copier females choose after non-copier females, and we assume that can observe
all matings in a patch. In the case of individual copying, females count the number of
times each male has been chosen and mate with the most popular male (if there is a tie
they choose randomly among the popular males). In generalized copying, females assign
a social score to each male. Since the allelic values ar,, are continuous in the interval
[0,1] the social score depends not only on the popularity of the male but also on the

popularity of similar males. The social score for male m is

Mi; _ _ X 2
¢Soc(m) = Zm,f:lnm*e SS(aTm aTm) , (3)
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where M;; is the number of males in the patch and n,, is the number of times male m*,
with allelic value a,,+, is chosen by non-copier females. Considering m** to be the most
popular male (i.e., the male with the highest social score in each patch), copier females
replace their own apy value with the male’s m™allelic value ary,~ in equation 1 if
preference is for condition-independent traits, or with |ame - eij| in equation 2 for
condition-dependent traits. This means that when the copier females choose based on
condition-dependent traits, they will tend to choose adapted males when they observe
other females choosing adapted males, and they will choose maladapted males when they

observe other females choosing maladapted males.

The expected number of offspring produced by each female is drawn from a
Poisson distribution with mean A = 4. The offspring inherits a random copy of the

parental alleles. Survival probability depends on the survival score

Bsary(n) = e~Sn(arm=ei))’ ()

where Sy = 500 is the strength of viability selection. Individuals with the highest
survival score in each patch survive. The number of surviving individuals per patch is
calculated as the sum of its ¢g,-v (1), with K as a hard upper bound. We used a relatively
high strength of viability selection so that populations can only expand successfully if
individuals in the invasion front can produce offspring with traits reasonably adapted to
their natal patch. Under these conditions, the rate of expansion is related to the ability of
populations to adapt their trait alleles to the new environment, although further adaptation

to the patch is theoretically still possible.

After passing the viability selection process, individuals can disperse to any of the
neighbouring patches with equal probability, controlled by the allelic values at locus D.
During dispersal, individuals have a 0.05 probability of dying, i.e. the risk of dispersal.
Here we implement a hard selection model where the contribution of a patch to the

migrant pool depends on the fitness of its individuals [30].

The simulation ends 1,000 generations after the endmost habitat is occupied at
80% carrying capacity, i.e. after the population is likely to have adapted to the new
environment. For each simulated run, we extracted the environmental matrix and, for each
column in each generation, the average allelic values and the position of the invasion front.

This allowed us to measure the number of generations taken for these populations to
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breach the environmental gradient. By breach we mean the time it took for them to
migrate from the initial habitat to the endmost habitat, having to go through a continuous

adaptation phase across the environmental gradient [as in 28].

As are many parameters involved, we have explored the effects of some of the
parameters that we considered the most relevant. We simulated different values of
increasing choosiness for the six population types by setting Ss to 100, 500, and 1000.
We also ran simulations with Sg = 0, where females choose randomly. With this
parameter, populations with no copying and with generalized copying are conceptually
identical, so we ran one set of simulations for both, allowing preference to evolve
neutrally. To investigate the effects of dispersal on the invasion process, we additionally
repeated all the simulations, but without allowing dispersal to evolve by setting D to an
allelic value equal to 0.02 (close to the average value for most populations) and its
mutation rate to 0. For each population type, we ran each parameter set 20 times.

The code is written in the C programming language with some functions from the
GNU scientific library 2.3 (GSL) [31] and can be found in [32]. All data were analysed

using the R software, version 4.1.1 [33].

Results

Case 1. Preference is condition independent

When females have a condition-independent preference towards the male trait and
dispersal is allowed to evolve, populations with generalized copying breached the
environmental gradient faster than populations with individual copying and populations
without copying when Sg > 0 (Figure 1A and Table S2). However, the average dispersal
allelic value after warmup, but before expansion, was around three times higher in
populations with individual copying than in the other populations, even if non-copiers
choose randomly (i.e., S = 0) (Figure 1B and Table S3).

In the simulations where dispersal is fixed, all populations take more generations
to breach the environmental gradient (cf. Figures 1A and 1C). When choosiness (Ss) was
high, individual copying also took more time to breach than the other populations whereas

generalized copying took less time than the others (Figure 1C and Table S4).
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The proportion of individuals with the C allele after warmup but before expansion
in the population with generalized copying, was higher than the expected mutational
equilibrium value of 0.5, particularly with higher choosiness whereas it was lower than
0.5 in populations with individual copying (Figure 1D and Table S5), even when non-

copier females chose randomly.

To understand the distribution of copiers along the environment, we checked the
proportion of individuals with the C allele per column (x coordinate) at the generation
when the population breached the environmental gradient. Ignoring the large variation in
the last few columns due to the extremely small number of individuals just at the invasion
front, we found that the number of individuals with the C allele increased to about 0.95
near the invasion front in populations with generalized copying and decreased to about
0.05 in populations with individual copying (Figure 1E and Table S6). This result already
suggests that generalized and individual copying play opposing roles during the invasion

of new habitats.

Using the same approach, we checked if populations were adapting their innate
preference during expansion by analysing the mismatch between the average preference
allele and the expected environmental value (e;) for each column (x coordinate) during
the generation where the populations breached the environmental gradient. Results show
that populations with generalized copying have the tendency to make the preference allele

adapt much less to new environments (Figure 1F).

Case 2: Preference is condition dependent

We ran the same set of simulations as above considering preference to be
condition dependent, excluding the scenario where non-copier female choice is random
(Ss = 0) because the simulations would be identical with the ones above. We did not
analyse the adaptiveness of the preference allele, given that female innate preference is

already towards the most adapted male trait in each patch.

With this preference rule, all populations breach the environmental gradient faster
than when the preference is condition independent (cf. Figures 1A and 2A, and Table S2),
and the effect is more evident with increasing choosiness. In high contrast with the case

of condition-independent preference, we found that populations with individual copying
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breached the environmental gradient much faster than the other populations (Figure 2A
and Table S2).

Consistent with the observations for condition-independent preference,
populations with individual copying showed a higher dispersal tendency than the other
populations just prior to the population expansion (cf. Figures 1B and 2B, and Table S3).
Simulations with fixed dispersal show no difference in breaching time between all
populations, confirming dispersal to be a determinant factor for the increase in expansion
speed for individual copying populations when preference is condition dependent (cf.
Figures 1C and 2C, and Table S4).

When analysing the evolution of the copier allele after warmup but before
expansion, populations with individual copying showed a slightly lower proportion of
individuals with the C allele than in populations with generalized copying, similar to with
the condition-independent scenario (cf. Figures 1D and 2D, and Table S5). The proportion

of individuals with the C allele is not affected by choosiness (Figure 2D).

Looking at the proportion of individuals with the C allele per column (x coordinate)
at the generation when the population breached the environmental gradient, we found that,
when female preference is condition dependent, generalized copying decreases in the
invasion front when choosiness is high (Sg = 500), in contrast to what we found with

condition-independent preference (cf. Figure 1E and 2E).

Discussion

Mate-choice copying has the potential to affect speciation [9,10,13,16,17] and
hybridization [17], as well as dispersal and local adaptation [17,18]. These phenomena
can occur during population expansion processes. While mate-choice copying did affect
the rate at which a population adapts to a new environment, as predicted, the effects and
the role of copying in population range expansion, were different from what we originally
predicted. Our results show some unexpected consequences and emergent properties that
can arise at the population level when considering the role of mate-choice copying. They
also suggest that different mate-choice copying types, preference rules, and female
choosiness may lead to different ecological and evolutionary consequences to be

considered in future research.
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Case 1. Preference is condition independent

To understand the numerical results, one should appreciate the specific
differences governing the different types of mate-choice copying and preference rules.
Starting from the no copying condition (the ‘null’ situation), we observe that the
frequency of the dispersal allele remains around its initial value of 0.02 and, because of
the migration load, it takes more than 1,000 generations (2,500 with fixed migration) to
breach the environment when females are choosy. Individual copying worsens the
situation, because in this case, despite the substantial increase in dispersal, it can take as
much or more time to breach the environment. It is clear that individual copying is a
highly maladaptive strategy and the frequency of the copying allele decreases sharply,
resulting in a preference mismatch similar to that of no copying. Generalized copying
increases both the speed taken for the population to breach the environmental gradient,
and the frequency of the copying allele during the invasion of novel environments. This
happens notwithstanding the higher mismatch between female preference and the average

environmental value (Figure 1F).

Generalized copying breached the environmental gradient faster than individual
copying or populations with no copying behaviour. This happens because in generalized
copying we considered that copier females will still need decide which male is “similar
enough” to the one they observed. By introducing this additional source of variation, and
given that non-copier females has a high mismatch with the optimal trait in the patches,
generalized copying would actually reframe the preference of copier females, and the
additional source of variation would allow for some (but not all) of the copier females to
effectively choose more adapted males. In individual copying, by choosing the “most
popular” male, females do not deviate from the male phenotype chosen by non-copier
females and because these males are not well adapted to the new patches, these females
will produce less adapted offspring.

Note that when dispersal was not allowed to evolve, we also eliminated individual
variation in dispersal and, thus, there is no ‘spatial sorting’ of high-dispersal individuals
during the invasion period that could accelerate the time to breach [34,35]. This result
contrasts with that of Sapage et al. [18], where the authors found higher dispersal with

generalization. The discrepancy is likely due to the fact that in our present scenario the
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initial habitat grid has a small random noise that is independent on distance. Overall, the
results suggest that with generalized copying there is a positive frequency-dependent
advantage for the more common male trait allele, leading to a coevolution between the

trait allele and the copying allele.

A puzzling question is why dispersal ability increases with individual copying but
not with generalized copying, a result that is largely independent of the intensity of sexual
selection (Figure 1B). This pattern of dispersal is established after the warmup period and
before expansion and influences the behaviour of the populations during expansion as
well. We think that this happens with individual copying because if many females choose
the same male, many offspring in the same patch will not only share the same trait, but
also the same dispersal ability. Over time, offspring with lower dispersal ability will
mostly compete among themselves, while offspring with higher dispersal ability will
mostly compete with others, making high dispersal more adaptive. This does not happen
with generalized copying because low or high dispersal is likely to lead individuals to

similar competitive environments.

During the invasion period, a higher dispersal ability may also mitigate some of
the maladaptive effects that limit population spread [36-39]. With individual copying,
many copier females will choose the exact same male, which can also be maladaptive
because the most popular male is not necessarily the best male in the new patch (since
viability selection happens before individuals disperse). In addition, if the frequency of
copiers choosing the same male is high, dispersal would reduce the genetic variation at
the edge of expansion, which would also hinder local adaptation. In this case, females
would be better off not copying at all. This is probably the reason why it takes longer for
populations with individual copying to breach the environmental gradient when dispersal
is fixed and choosiness is high (Figure 1C), and why the frequency of the choosing allele
drops significantly before and during the invasion with individual copying (Figures 1D
and 1E).

Another important point to note is that we assumed that females had perfect
information about all the non-copiers’ matings in a patch. Eavesdropping is an important
component of mate-choice copying [13,40], and the ability of females to observe other
matings should depend on many different factors. Reducing the number of matings
observed by females should increase the number of different males chosen by copiers
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within each patch, thus making individual copying more like generalized copying.
However, this remains to be tested and is difficult to implement, as individual

subsampling would increase the computational time to an unacceptable level.

To sum up, when preference is condition independent, generalized copying might
serve as a shortcut for eventual adaptation to new environments, with individuals
ultimately aligning their innate preference towards the best adapted individuals in the
long run. Indeed, given the relatively high level of environmental selection, individuals
can only advance in the environmental gradient if their trait allele closely matches the
environmental value; (see Figure S2). However, this does not prevent generalized
copying from increasing the rate of expansion, making this type of social learning a non-
negligible mechanism for the ecology and evolution of populations. Therefore, with
generalized copying, we show that range expansion can occur and be accelerated even
without the effect of cultural evolution — through oblique or vertical transmission of social

information [4,23] —, which we did not include in our model.

Case 2: Preference is condition dependent

When female preference is condition independent, females are selected to prefer
males with traits adapted to their original environment, so natural selection opposes
sexual selection as individuals expand into a new patch. However, when female
preference is towards a male trait that is condition dependent, sexual selection no longer
opposes natural selection during population expansion and populations breach the
environment faster in all cases (c.f. Figures 1A and 2A). This faster breach also occurs
when individual variation in dispersal has been eliminated, especially for high choosiness
(c.f. Figures 1C and 2C). As observed in case 1, individual copying again increases
dispersal more and decreases the proportion of individuals with the copying allele more
than generalized copying. However, in contrast to case 1, individual copying is now the

best mating strategy to drive the population to a faster breach.

The increase in dispersal ability with individual copying may be due, as explained
for case 1, to the fact that many offspring in the same patch share not only the same trait,
but also the same dispersal ability, with higher dispersal reducing competition between

siblings and thus being more adaptive (Figures 1B and 2B). However, when preference
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is condition dependent, fixing dispersal reduces the performance of both individual and
generalized mate-choice copying (Figure 2C). Thus, the effect that we observe on

expansion rate is not only due to copying behaviour but also to dispersal.

Also, when preference is condition dependent, the copying allele for individual
copying remains on average below 0.5, which is the expected mutational equilibrium
value (Figure 2D and 2E). This selection against the copying allele (as found previously
[10]) suggests that there is a slight trade-off between MCC and dispersal. Furthermore,
non-copier females already have perfect information about male quality, so the copying
allele can never outperform the non-copying allele. This disadvantage is even stronger
for generalised copying, where females tend to choose less adapted males, by choosing a
"similar enough™ male, whereas in individual copying females tend to choose more
adapted males by choosing the "most popular” male. This causes the copying allele of
populations with generalized copying to decrease at the expansion front when choosiness
is high, and even more so than in populations with individual copying, in contrast to what
happens when preference is condition independent (c.f. Figures 1E and 2E). Thus, when
the preference is condition dependent, a population with generalized copying no longer
performs better than populations with individual copying or populations with no copying

behaviour.

Overall, our results highlight the importance of considering the interaction
between female preference and the type of mate-choice copying rule. When preference is
condition-independent, generalized copying helps populations to adapt more quickly to
the environmental gradient, but when preference is condition dependent it is individual
copying that is more advantageous, although some selection against the copying allele is
also observed in these circumstances. This means that mate-choice copying can speed up
the expansion process, but the conditions under which it can do so depend on many other

factors.

General remarks

There is a lack of empirical studies exploring the effects of mate-choice copying
on population dynamics, with only a few studies comparing differences in copying
behaviour between different populations [41,42]. We acknowledge that it is difficult to
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test these effects empirically, but we urge empiricists to at least experiment with which
set of rules prevails in the species they study, particularly with regard to the assumptions
of the current model, namely the type of mate-choice copying and preference rules used

by females.

Some empirical research has already shown in two model species, that females
can copy individuals or generalize what they have learned, or that they can copy
condition-dependent and condition-independent traits. This is the case in female fruit flies
Drosophila melanogaster, which can change their preference for individual males of large
or small size, a condition-dependent phenotype generated by exposing young individuals
to different growth conditions [43]. In addition, fruit flies are also able to generalize males
powdered with different colours, a trait that is independent of male condition [43].
Generalized copying of condition-independent traits has also been found in the guppy
Poecilia reticulata, where females generalize male colour patterns [44], a trait that has
high heritability [25]. Alternatively, females might also decide not to copy if they perceive
one male to be ostensibly more attractive than another [45,46,47]. The next step would
be to investigate which of these scenarios are more likely to occur in the wild, and under
what conditions. For example, it would be interesting to understand if and how an
individual copies the mate choice of others when they are exposed to a familiar versus
unfamiliar environments, or when exposed to familiar versus unfamiliar demonstrators.
These scenarios can simulate different dispersal patterns that a population might
encounter, and the results can help build more accurate models to predict the effects of
mate-choice copying. When considering which traits to copy, a recent article suggests a
generalized mechanism for sexual selection that involves social learning, called “the
inferred attractiveness hypothesis” [48]. This hypothesis suggests that social learning in
mate-choice is dynamic, and females tend to generalize the trait of the target male that is
less common in a population. This mechanism can lead to variation in traits and
preferences, and it would be interesting to use this framework to model the effects of

mate-choice copying in population expansion in the future.

Another important assumption of the current model is how we defined the
conformity rules for the two types of mate-choice copying we tested. Conformity to the
majority rule is considered an important feature in the cognitive process underlying social
learning, as it allows for the maintenance of the cultural information being transmitted

[17,49]. It can be present in both individual and generalized copying. In the first case, it
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concerns the most popular male and in the second the most popular phenotype. Thus,
when we simulated individual copying, we thus had the copying females in each patch
choose the locally most popular male, whereas when we simulated generalized copying
we had the copying females in each patch choose males with the locally most popular
phenotype. The difference between the two types of conformity rules is that individual
copying is more deterministic because females have only one male to choose from, while
in generalized copying they can choose between several similar males. On the other hand,
the similarity between the two types of conformity rules is that females observe multiple
matings in both cases. In our model, we extrapolate this rule to its maximum, by assuming
that copying females can observe all matings of non-copying females in their patch. Of
course, one can argue that females can only observe or process a limited number of
matings due to temporal, ecological, or cognitive constraints, leading to sampling
differences between females. In individual copying, the most popular male may also not
be available, forcing females to choose other, similar males. These limitations increase
the differences between what each female has learned, making the consequences of
copying for population dynamics perhaps more stochastic and, therefore more difficult to
predict. These limitations also dilute the differences between the two types of copying,
making their mathematical modelling as distinct behaviours perhaps unrealistic. Given
that unavailability of the most popular male is likely to be common in nature, particularly
in monogamous species, generalized copying is likely to be more common. However,
only empirical studies can tell us how common each type of copying is in nature, and only
neuroethological studies of the cognitive mechanisms underlying each type of copying
can tell us about whether or not they are actually different mechanisms.

In our model, we also assumed for simplicity that dispersal and copying are
determined by single alleles, but could be affected by additional conditions that we did
not model. For example, dispersal is known to be influenced by sex [50], personality [51],
or population density [52], while mate-choice copying can be influenced by the age [53]
or quality [54] of the demonstrators. These types of conditioning factors would again
increase the differences between what each female learns, or how, or when, making
models more complex but also more realistic. Therefore, in our current study, we have
only scratched the surface of the true effects of mate-choice copying on population

dynamics, but we consider it an important first step, focusing on population range
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expansion, while warning for different potential outcomes depending on the broad

copying types and preference rules that have already been shown to exist.

Species distribution range is one of the core questions in ecology and evolution,
and extensive studies have been conducted to understand how populations disperse and
adapt to new environments [e.g., 55]. On the other hand, only a few studies have shown
that social information can influence individuals’ dispersal decisions [e.g., 56], and in
particular mate-choice copying can be beneficial for dispersal because it can aid adaption
to a new environment by promoting copying of the local individuals’ mate choices [18].
However, the effects of mate-choice copying in an expanding population have never been
investigated. Although we have not exhausted the parameter space of our model and have
not explored every possible effect of copying, our study already shows that mate-choice
copying, a social learning behaviour, can accelerate a species range expansion in a
scenario where the new habitat is empty. It would now be interesting to model a different
set of parameters in a scenario where the new habitat is not empty. Due to the current
anthropogenic acceleration of environmental change, many species face the challenge of
adapting to new conditions or changing their habitat range [57]. They will only rarely find
empty habitats, so it is important to understand whether social learning through mate-
choice copying can still facilitate adaptation in the face of competition from the resident,
more adapted population. Based on our previous [18] and current theoretical studies, we
predict that if migrant females copy the choices of local females, the adaptation process
will be facilitated, unless the genetic distance between the migrant and the resident
populations is too large, in which case mate-choice copying could be maladaptive. Mate-
choice copying has been hypothesised to promote hybridisation between conspecific and
heterospecific populations, but its fitness consequences, whether positive or negative, will

depend on the characteristics of the populations under study [17].

Mate-choice copying was initially suspected in lekking bird species [2], but this
behaviour is now known to be widespread in nature [58]. Recently, the effects of this
behaviour have been theorized in population ecology and evolution [17], but it has been
difficult to study their effects using only empirical studies. Empirical, and theoretical
studies need to work in tandem to advance this field, and this task needs to be undertaken
not only by behavioural ecologists but also by a multidisciplinary network also including
ecologists, evolutionary biologists, neuroethologists, and mathematicians. This area is

important in the context of global environmental change, where the combined effects of
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social learning and sexual selection in shaping adaptation could be a promising new

avenue of research.
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Figure 1: Results of simulations where preference is for condition independent male
traits. Except for panel C, all panels show results from simulations where dispersal is
allowed to evolve. Panels A and C show the number of generations taken to breach the
environmental gradient after warmup when dispersal is evolving or fixed, respectively.
Panels B and D show, respectively, the mean dispersal allele value and the C allele
proportion after warmup but before expansion. Panel E shows the C allele proportion per
column during the generation where the population breaches the environmental gradient.
Panel F shows the difference between the mean preference allele and the average
environmental value within each column during the same generation as Panel E. The
dashed line in Panels E and F indicate the separation between the initial habitat on the left
and the environmental gradient on the right. In panels A-D, the thick line in each box plot
represents the median value of 20 replicates, and the lower and upper margins of the box
indicate the 25% and 75% interquartile range. Vertical dashed lines show extreme values
within 1.5 times the interquartile range, while values outside this range are represented

by open circles. NC = No copying; IC = Individual copying; GC = Generalized copying.
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Figure 2: Results of simulations where preference is for condition dependent male
traits. Panels follow the same description as in Figure 1. Results with Sg = 0 (light grey
background) are taken from the same simulations as in Figure 1 as they are equivalent

for both simulations, and they are plotted comparison purposes.



